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Ce men ta tion is the base line tech nol ogy for con di tion ing of low to in ter me di ate level ra dio ac -
tive waste. Geopolymers, a class of al kali ac ti vated bind ers, are a prom is ing new ma te rial for
ra dio ac tive waste treat ment. Coal fly-ash based geopolymers are a low-cost, low green house
gas foot print al ter na tive to metakaolin based ma te ri als. Both the grout ing of sludge/pow -
ders/liq uids and en cap su la tion of sol ids/com pacted waste rely on the grout main tain ing op ti -
mal flow (rhe o log i cal prop er ties) dur ing the mix ing and pour ing op er a tions, and achiev ing a
set lead ing to proper long term so lid i fi ca tion (me chan i cal prop er ties). The ini tial and fi nal
set ting time for fly-ash geopolymer paste, based on the SRPS EN 196-3 stan dard, has been
mea sured upon ir ra di a tion by gamma rays in a 60Co ref er ence field po si tioned with a kerma
air rate of 3.42 mGys–1. The binder paste was pre pared us ing fly-ash from the TENT B power
plant's elec tro static fil ters with out fur ther siev ing, ac ti vated by wa ter glass with mod ule 1.5
and mixed with dis tilled wa ter un til a sat is fac tory flow was ob tained, and poured into the
sam ple and con trol molds. The ini tial and fi nal set ting times for the ir ra di ated sam ple and
non-ir ra di ated con trol were de ter mined by the Vicat ap pa ra tus. The ir ra di ated sam ple dem -
on strated an 11 % shorter ini tial set ting time, and 16 % shorter fi nal set ting time, com pared
to the con trol.
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IN TRO DUC TION
In or ganic bind ers have nu mer ous ap pli ca tions in 
ra dio ac tive waste man age ment, rang ing from use as
con struc tion or shield ing ma te ri als, to the so lid i fy ing
of non-solid waste [1]. Ma te ri als based on a Port land
ce ment binder (mor tars, grouts and con cretes) are es -
sen tial in mod ern con struc tion work. Na tional and in -
ter na tional stan dards, knowl edge and ex pe ri ence from 
con struc tion and civil en gi neer ing, and com mer cial
avail abil ity of Port land ce ment have made it the ma te -
rial of choice for ra dio ac tive waste con di tion ing, with
ce men ta tion be ing the base line tech nol ogy for con di -
tion ing of low level and in ter me di ate level waste [2,
3]. Sev eral chal lenges have been iden ti fied in such ap -
pli ca tions, such as the long term (a timescale of hun -
dreds of years) sta bil ity of Port land ce ment ma te ri als
due to the com plex chem i cal re ac tions among the
com po nents of the ma te rial ma trix, and in ter ac tion be -
tween en vi ron men tal fac tors and the ma te rial. Sev eral
al ter na tives to Port land ce ment based ma te ri als have
been con sid ered, stud ied and used in prac tice, with
vary ing re sults [4]. Geopolymers are a prom is ing class 
of ma te ri als that ex ceed Port land ce ment in terms of
com pres sive strength, fire re sis tance and re ten tion of
radionuclides upon leach ing [5, 6]. Geopolymers are
made by mix ing fine alu mi no sili cate pow der with an
al kali ac ti va tor so lu tion. Upon ac ti va tion (most fre -
quently by so dium hy drox ide or so dium sil i cate),
aluminosilicates par tially dis solve, form ing an al ka -
line alu mi no sili cate hy drate gel (N-A-S-H) that so lid i -
fies by cross-link ing into an amor phous solid with
some ze o lite crys tal li za tion [7]. The ref er ence base
ma te rial in geopolymer syn the sis is metakaolin, but a
wide ar ray of pow ders, in clud ing in dus trial by prod -
ucts and wastes, can be used for pro duc tion of ma te ri -
als with de sir able prop er ties [8]. There is a grow ing in -
ter est in the use of fly-ash from coal burn ing
ther mo elec tric power plants in geopolymer ap pli ca -
tions [9]. Sev eral stud ies have in ves ti gated the be hav -
ior of geopolymer ma te ri als un der ion iz ing ra di a tion,
and in di cated sat is fac tory prop er ties for the im mo bi li -
za tion of low to in ter me di ate level ra dio ac tive waste
[10, 11]. A spe cial chal lenge in ra dio ac tive waste con -
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di tion ing is the radiolysis of wa ter lead ing to the re -
lease of hy dro gen gas [12, 13]. One of the ben e fits of a
geopolymer as the con di tion ing ma trix is that, upon
cur ing, the pore wa ter can be re moved by ther mal
treat ment [5].
Both the grout ing of sludge/pow ders/liq uids and 
en cap su la tion of sol ids/com pacted waste rely on the
grout main tain ing op ti mal flow (rhe o log i cal prop er -
ties) dur ing the mix ing and pour ing op er a tions, and
achiev ing a set lead ing to proper long term so lid i fi ca -
tion (me chan i cal prop er ties). The binder set ting time
is the mea sure ment of time needed for the phase
change of binder paste [14]. The ini tial set ting time in -
di cates the be gin ning of the so lid i fi ca tion of the gel,
and the fi nal set ting time marks the end of the
workability pe riod of the binder, with the paste com -
pletely los ing its plas tic ity. To the au thors' knowl edge,
the ex per i ments on geopolymer ir ra di a tion re ported in
the lit er a ture have been per formed af ter set ting, dur ing 
the cur ing or ag ing phase – the ma te ri als have al ready
so lid i fied be fore ir ra di a tion. In the ex per i ments and
prac ti cal ap pli ca tions of radionuclide ce men ta tion,
me chan i cal prop er ties have been tested af ter the set
and cure – the ef fect of ra di a tion on the set ting time has 
not been re ported. In this study, we ex plored the ef fect
of gamma ir ra di a tion on the ini tial and fi nal set ting
time of the fly-ash geopolymer paste.
MA TE RI ALS AND METH ODS
Fly-ash from the TENT B ther mo elec tric coal
plant (Obrenovac, Ser bia) was ac ti vated with wa ter
glass (SiO2/Na2O = 1.5). Unfractionated fly-ash was
used. The chem i cal com po si tion and loss on ig ni tion of
the fly-ash used was re ported by Komljenovi} et al., the
data are pre sented in tab. 1 [15]. The binder paste was
mixed by a man u ally op er ated power drill with a mix ing 
at tach ment. Deionized wa ter was incrementally added
un til sat is fac tory con sis tency of the binder was ob -
tained. In to tal, 900 g of ash, 541 g of wa ter glass, and
400 ml of wa ter was used.
The paste was trans ferred to cy lin dri cal plas tic
molds with glass bot toms, in ac cor dance with the
SRPS EN 196-3 stan dard[14]. Both the test and con -
trol sam ple were cast from the same batch of the
binder. The sam ples were cov ered with plas tic bags to
pre vent evap o ra tion of wa ter; then placed in trans par -
ent, thin walled plas tic con tain ers, in or der to min i -
mize the risk of eco log i cal con tam i na tion of the ir ra di -
a tion room. The molds were oiled us ing syn thetic
mo tor oil for ease of sep a ra tion af ter set ting. The con -
trol sam ple was left to set in the work space shielded
from the ra di a tion, out side the ir ra di a tion room. The
test sam ple was man u ally po si tioned in the ir ra di a tion
area, and ir ra di ated by lift ing the source from the con -
tain ment re motely, af ter clear ing the room. The tem -
per a ture of both the work and the ir ra di a tion area was
in the 20 ± 2 °C range dur ing the ex per i ment.
The sam ple was ir ra di ated in the 60Co ref er ence
field – IRPIK B de vice at the Sec ond ary Stan dard Do -
sim e try Lab o ra tory (SSDL), Vin~a In sti tute of Nu -
clear Sci ences. The sam ple was po si tioned in the field,
and ex posed to a kerma air rate of 12.32 Gyh–1. The
ex po sure times and ab sorbed dose in air are pre sented
in tab. 2.
The Vicat ap pa ra tus was used to de ter mine the
ini tial and fi nal set ting time of the sam ples, by test ing
the set at reg u lar in ter vals. The pis ton and nee dle
weighed 300 g. For the ini tial set, a stain less steel nee -
dle with 1 mm di am e ter was used, and a pen e tra tion of
less than 6 mm was used as the cri te ria for the set. Af ter 
the  ini tial  set,  the  glass bot toms of the molds were
slid off, and the molds with the paste were placed bot -
tom up on the glass for de ter mi na tion of the fi nal set.
For the fi nal set, a 1 mm di am e ter nee dle with a lim -
iter/in di ca tor disc was used, and pen e tra tion of less
than 1 mm was used as the cri te ria for the set.
RE SULTS AND DIS CUS SION
The ob served ini tial set ting times were 3 hours
25 minute for the ir ra di ated sam ple, and 3 hours 50
minute for the con trol sam ple. The ob served fi nal set -
ting times were 4 hours 5 minute for the ir ra di ated
sam ple, and 4 hours 50 minute for the con trol sam ple.
The com par i son is given in fig. 1.
The ir ra di ated sam ple had an 11.5 % shorter ini -
tial set ting time, and 16.8 % shorter fi nal set ting time,
com pared to the con trol sam ple. The time from the ini -
tial to fi nal set was 40 for the ir ra di ated sam ple, and 60
for the con trol sam ple, in di cat ing a 40 % faster set ting
for the ir ra di ated sam ple.
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Ta ble 1. Chem i cal com po si tion and loss on ig ni tion, as a
mass per cent age of the fly-ash, as re ported in [15]
Sam ple ID: SiO2 Al2O3 Fe2O3 CaO MgO SO
3 LOI at 
1000 °C
TENT B 54.26 24.90 6.50 6.34 1.89 2.51 2.06
Ta ble 2. Ir ra di a tion times and ref er ence val ues for the
ab sorbed dose in air at the po si tion where the ex per i men tal




Ir ra di a tion
time
in ter val 
Dt [h]
In cre ment of
kerma air dur ing
the ir ra di a tion
time in ter val,
DKair [Gy]
Re ferred to the
ab sorbed dose in
air, Dair,tot [Gy]
1 0.5 6.16 6.15
2 0.5 6.16 12.30
3 0.5 6.16 18.44
4 0.25 3.08 21.52
5 0.25 3.08 24.59
6 0.25 3.08 27.66
7 0.25 3.08 30.02
Dur ing set ting, some sep a ra tion of wa ter was ob -
served at the con tact of the plas tic mold and glass bot -
tom, and a small amount of un burnt coal particulates
was ob served on the sur face of the paste, in di cat ing
ex cess wa ter in the mix ture. Since the binder was sat u -
rated with wa ter dur ing the set ting, wa ter loss through
radiolysis did not lead to any ob serv able exsiccation.
CON CLU SION
Ir ra di a tion by gamma rays of 60Co ac cel er ates
the set of the fly-ash geopolymer binder paste. Ex po -
sure to a kerma air rate 12.32 Gyh–1 and ab sorbed dose
in air of 30 Gy did not lead to flash set ting, nor de layed
set ting. The ob served ef fect is not det ri men tal to the
po ten tial prac ti cal ap pli ca tion of the fly-ash
geopolymer in ra dio ac tive waste con di tion ing. Fur -
ther re search is needed to ex plore the func tional re la -
tion of the ir ra di a tion field and dose char ac ter is tics
and geopolymer set ting times. These in sights into the
ef fects of gamma ion iz ing ra di a tion on the ki net ics of
chem i cal re ac tions in al kali ac ti vated bind ers shall aid
in the op ti mi za tion of geopolymer for mu la tions and
prep a ra tion pro ce dures for spe cific ap pli ca tions in ra -
dio ac tive waste man age ment and ra di a tion pro tec tion.
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Fig ure 1. Ini tial and fi nal set ting times
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Luka Z. RUBIWONI, Srboqub J. STANKOVI], Boris B. LON^AR
EFEKAT  60Co  GAMA  OZRA^IVAWA  NA  VREME  VEZIVAWA
GEOPOLIMERA – PASTE ELEKTROFILTERSKOG  PEPELA  UGQA
Cementirawe je osnovna tehnologija za kondicionirawe radioaktivnog otpada niske do
sredwe aktivnosti. Geopolimeri, klasa alkalno aktiviranih veziva, su perspektivni novi
materijali za tretman radioaktivnog otpada. Geopolimeri na bazi elektrofilterskog pepela
ugqa su ekonomski povoqna alternativa materijalima na bazi metakaolina, i dovode do ukupno
mawe emisije gasova staklene ba{te. I cementirawe muqeva/pra{kastih materijala/te~nosti, i
enkapsulacija ~vrstog ili kompaktiranog otpada se zasnivaju na tome da vezivo zadr`i optimalnu
te~qivost (reolo{ke osobine) tokom operacija me{awa i izlivawa, i da ostvari vezivawe koje }e
voditi do dobrog dugoro~nog o~vr{}avawa (mehani~ke osobine). Na osnovu standarda SRPS EN
196-3, inicijalno i finalno vreme vezivawa za pastu geopolimera od elektrofilterskog pepela
mereno je nakon ozra~ivawa gama zracima u referentnom poqu 60Co, na poziciji sa kermom u vazduhu 
od 3.42 mGys–1. Vezivna pasta je pripremqena upotrebom pepela iz termoelektrane TENT B, 
sakupqenog sa elektrostati~kih filtera bez daqeg prosejavawa, aktivirana vodenim staklom
mod ula 1.5, me{ana uz dodatak destilovane vode do postizawa zadovoqavaju}e te~qivosti, i
razlivena u kalupe za ozra~ivawe i kontrolu. Inicijalno i finalno vreme vezivawa za ozra~eni
uzorak i neozra~enu kontrolu utvr|eni su upotrebom  Vikat aparata.  Ozra~eni uzorak je pokazao
11  % kra}e inicijalno vreme vezivawa, i 16 % kra}e finalno vreme vezivawa, u pore|ewu sa
kontrolom.
Kqu~e re~i: geopolimer, vreme vezivawa, gama ozra~ivawe, bazom aktivirano vezivo
